Cyanobacteria are photosynthetic prokaryotes, capable of sustaining their growth by converting sunlight into chemical energy by fixing CO 2 into organic matter. The cyanobacterium Anabaena sp. PCC 7120 is also capable of fixing atmospheric nitrogen, a metabolic process that occurs in specialized cells, the heterocysts. During the process of heterocyst differentiation, drastic morphological changes occur to prepare the future differentiated cell to accommodate the nitrogen fixation metabolism, which is a highly O 2 -sensitive process. Recently, we identified an unknown extracellular protein (termed HesF) in Anabaena sp. PCC 7120 and found it to be required for the proper deposition of the polysaccharide layers in the heterocyst cell wall. HesF is a non-classical type I secretion system (T1SS)-dependent secreted substrate, and its secretion signal remained elusive. Here, we report that the secretion signal of HesF is located in its C-terminus. We present evidence that a heterologous reporter protein fused with HesF's secretion signal could be successfully expressed in heterocysts and secreted to the extracellular medium, following hesF's native regulation. This represents the first time that the secretion signal of a cyanobacterial T1SS-dependent substrate is identified, and demonstrates the feasibility of using cyanobacteria for selected protein expression and secretion.
INTRODUCTION
Cyanobacteria are photoautotrophic bacteria that distinctively perform oxygenic photosynthesis. To sustain their growth, cyanobacteria have minimal nutritional requirements, using sunlight as energy source, CO 2 as carbon source, minerals and water (Whitton and Potts 2000) . Some cyanobacteria are also capable of fixing atmospheric nitrogen (Bothe et al. 2010) . The filamentous cyanobacterium Anabaena sp. PCC 7120 is a nitrogenfixing cyanobacterium capable of cellular differentiation: upon combined nitrogen depletion (e.g. nitrate or ammonia step down), heterocysts differentiate from vegetative cells. Heterocyst differentiation is a highly regulated process that results in a terminal cell, adapted to accommodate the nitrogen fixation metabolism and morphologically different from the pluripotent vegetative cell. Depositions of glycolipids and polysaccharide layers outside the cell's outer membrane fulfill the roles of O 2 diffusion barrier and protective layer, respectively (Kumar, MellaHerrera and Golden 2010) .
Cyanobacteria are Gram-negative bacteria (Hoiczyk and Hansel 2000) . In agreement, the cyanobacterial molecular mechanisms mediating secretion of biomolecules and exogenous compounds that reach the cytoplasm are similar to those described for other Gram-negative bacteria (e.g. Hahn et al. 2012 Hahn et al. , 2013 Hahn et al. , 2015 . In previous work, we studied the extracellular proteome of the cyanobacterium Anabaena sp. PCC 7120 cultivated in N 2 -fixing conditions, or in medium supplemented with different combined nitrogen sources (Oliveira et al. 2015a) . It was possible to observe that some proteins accumulated differentially in the extracellular medium, depending on the growth condition. One of those proteins is HesF (Oliveira et al. 2015b) , which was identified in the extracellular milieu of Anabaena sp. PCC 7120 grown in N 2 -fixing conditions. Phylogenetic analyses showed that HesF's homologs are present mainly in filamentous, heterocyst-forming cyanobacteria. In agreement, HesF was found to be essential for the typical filament aggregation phenotype displayed by Anabaena sp. PCC 7120 in N 2 -fixing conditions, likely involved in the formation/deposition of the fibrous polysaccharide layer in the heterocyst cell wall as observed by transmission electron microscopy (Oliveira et al. 2015b) . In addition, transcription of hesF was described to be tightly controlled, limited to cells in late stages of heterocyst differentiation and in mature heterocysts (Oliveira et al. 2015b) , which indicates that HesF export occurs specifically in these differentiated cells.
HesF was found to be secreted by a type I secretion system (T1SS)-dependent mechanism, but its secretion signal could not be identified. In silico analysis of HesF's deduced amino acid sequence revealed that the typical signature found in extracellular proteins secreted via the T1SS is absent, particularly the GGXGXD motif (Delepelaire 2004 ). This protein motif has been shown to bind calcium, and it has been proposed to be important for proper protein folding in the extracellular space (Baumann et al. 1993) . Although HesF's secretion has been shown to be dependent on T1SS-dependent mechanisms, HesF's secretion signal remains unknown; bioinformatics analysis of HesF's deduced amino acid sequence resulted in incongruent results, supporting the idea that HesF represents a non-classical T1SS-dependent substrate.
In this work, we report that HesF's secretion signal peptide is located in its C-terminus, and show that a heterologous reporter protein fused with HesF's secretion signal could be successfully secreted. As protein secretion may be a valuable alternative for solving various challenges in bioremediation (Ni and Chen 2009; Giner-Lamia et al. 2016) , biomass recovery and biofuel production (Reed and Chen 2013) , this work represents the proof of concept required to show that cyanobacteria have the capacity and the potential of becoming relevant sustainable protein-secreting platforms.
MATERIAL AND METHODS

Organisms and standard growth conditions
The filamentous, heterocyst-forming cyanobacterium Anabaena (also known as Nostoc) sp. PCC 7120 was grown in liquid BG11 medium (Rippka et al. 1979) ; or in BG11 0 , medium devoid of combined nitrogen; or in BG11 0 supplemented with 5 mM NH 4 Cl and 10 mM HEPES pH 7.5 (BG11 0 + NH 4 Cl). Cells were cultivated either as 50 mL cultures in 100 mL Erlenmeyer flasks with orbital shaking or as 200 mL cultures in 500 mL glass gas washing bottles with aeration under a continuous 
Generation of DNA constructs and Anabaena sp. PCC 7120 transformants
For a schematic representation of the generated constructs, see Fig. 1 . The promoter region of hesF together with the coding sequence of the first 80 amino acids of HesF's N-terminus (N80) (Pr hesF with N80), the DNA sequence corresponding to hesF's promoter, including the first 18 nucleotides of hesF (Pr hesF) and the DNA sequence encoding the last 80 amino acids of HesF's C-terminus (C80) were amplified by PCR using specific oligonucleotides (see Table S1 , Supporting Information) and genomic DNA of Anabaena sp. PCC 7120 as template. In addition, the coding sequence of the green fluorescent protein (GFP) was amplified by PCR using appropriate oligonucleotides (see Table S1 ) and an in-house generated pRL25C plasmid containing the fragment Pr hesF::gfp (Oliveira et al. 2015b) and C80 were digested with suitable enzymes (XhoI-EcoRI, XhoIEcoRI and PstI-BamHI, respectively) (restriction enzymes were obtained from Thermo Fisher Scientific, Waltham, MA, USA, and single and double DNA digestions were performed following instructions of the manufacturer). Alternatively, the DNA fragment containing the gfp gene was digested with EcoRI-BamHI for cloning downstream of Pr hesF with N80, or with EcoRI-PstI for cloning downstream of Pr hesF or between Pr hesF with N80 and C80. Assembly of each construct was carried out first in pBluescript SK+ plasmid (Agilent, Santa Clara, CA, USA) and transformed in E. coli XL1-Blue cells. Once the identities of the different constructs were determined by sequencing (StabVida, Lisbon, Portugal), constructs were excised from the pBluescript SK+ with BamHI and cloned in the self-replicating plasmid pRL25C (Wolk et al. 1988) previously digested with BamHI and dephosphorylated. The resulting plasmids were termed pSLN80 (Pr hesF with N80 + GFP), pSLC80 (Pr hesF + GFP + C80) and pSLNC80 (Pr hesF with N80 + GFP + C80), and were then transferred to Anabaena sp. PCC 7120 by conjugation as previously described (Heidorn et al. 2011) . The presence of plasmids in the respective transformants was tested by PCR, using specific oligonucleotides. The resulting Anabaena sp. PCC 7120 transformants were then named SLN80 (harboring pSLN80), SLC80 (pSLC80) and SLNC80 (pSLNC80).
Microscopy analyses
Cells of Anabaena sp. PCC 7120 wild-type and transformants were visualized under a Leica SP2 AOBS SE laser scanning confocal microscope (Leica Microsystems, Wetzlar, Germany). For that purpose, 5 μL of cultures at a cell density of ∼5 μg chlorophyll a mL −1 of medium were loaded on 25 μL of a 1% low-meltingpoint agarose (SeaPlaque TM -FMC, Philadelphia, PA, USA) bed in BG11 0 and covered with a cover slip. The GFP emission, collected between 500 and 540 nm, was observed when cells were exposed to an Ar Laser Beam of 488 nm, while cyanobacterial autofluorescence, acquired between 640 and 700 nm, was visualized after excitation at 633 nm, using a HeNe Laser. Wild-type cells were used to define the basal autofluorescence signal in the GFP channel, and the same acquisition settings were used throughout the various experiments. , two putative NtcA-binding boxes and relative position and name of selected oligonucleotides used in this study is provided. In the bottom panels, schematic representation of the constructions generated in this work cloned in the self-replicating plasmid pRL25C (for details, see Materials and Methods section). The restriction sites used are indicated, and the relative position of selected oligonucleotides is also highlighted. (B) Ethidium bromide stained agarose gel showing PCR analyses assessing the presence or absence of the self-replicating plasmids pSLN80, pSLC80 or pSLNC80 in Anabaena sp. PCC 7120 conjugated cells. PCR amplifications were carried out by using genomic DNA extracted from wild-type (A7120 gDNA) or Anabaena sp. PCC 7120 cells harboring the vector pSLN80 (SLN80), pSLC80 (SLC80) or pSLNC80 (SLNC80) as template and the respective primer pairs. The PCR negative control (C -) was carried out by using water as template. M, Gene Ruler 100 bp DNA ladder (Thermo Fisher Scientific), and the sizes of selected bands are depicted on the left in bp.
(Exo)protein extraction and analysis
Anabaena sp. PCC 7120 wild-type and respective transformants cells were cultivated in BG11 0 + NH 4 Cl medium in glass gas washing bottles with aeration (∼1 L air min −1 ). To induce heterocyst differentiation, ammonia grown cultures were washed twice with BG11 0 before being suspended in fresh BG11 0 and cultivated for three additional days (72 h) in N 2 -fixing conditions. Samples from the various strains were collected at different time points and further processed either to obtain cell-free total protein extracts or to isolate the extracellular proteome. Total protein cyanobacterial extracts were obtained as described elsewhere (Lopes Pinto et al. 2011) . Determination of the protein content was performed using the BCA Protein Assay (Thermo Fisher Scientific), with bovine serum albumin as standard. Isolation of the Anabaena sp. PCC 7120 wild-type and transformants exoproteomes was performed as described (Oliveira et al. 2015a (Hahn et al. 2015; Oliveira et al. 2015b) . What is possible to observe in HesF's amino acid sequence is that it contains the VCBS domain (which has been suggested to play a role in adhesion) repeated six times, appearing partially overlapping with each other. The first repeat starts at amino acid 76 and the last ends at amino acid 374 (HesF is 408 amino acids long). Following up on these observations, here we studied whether the first 80 amino acids of HesF's N-terminus, the last 80 amino acids of HesF's C-terminus or both termini could target the reporter protein GFP for secretion in Anabaena sp. PCC 7120. We reasoned that by using a heterologous reporter protein fused with selected parts of HesF we could (i) better control HesF's sequence determinants targeting the protein to be exported via the T1SS, and (ii) demonstrate the concept of expressing a selected protein in cyanobacteria and secreting it to the extracellular medium. Furthermore, when cultivated in N 2 -fixing conditions, the hesFdeletion mutant accumulates large amounts of polysaccharides in the extracellular milieu as compared to the Anabaena sp. PCC 7120 wild-type strain (Oliveira et al. 2015b) , which renders the assessment of protein secretion by analysis of protein accumulation in the medium a difficult exercise (Oliveira et al. 2015b) . For this reason, Anabaena sp. PCC 7120 wild type was used as model strain, accommodating the generated constructions and hosting protein expression.
RESULTS AND DISCUSSION
For all constructions (Fig. 1) , hesF's native promoter was used. This enables a tightly controlled gene expression, being completely repressed in medium supplemented with ammonia and activated upon a transition to N 2 -fixing conditions (Oliveira et al. 2015b ). In addition, gene expression under the control of hesF's promoter is specifically targeted to the heterocysts (Oliveira et al. 2015b) . Native hesF's regulation was chosen to warrant that the chimeras' expression occurred with the same timing, and in the same cell type as HesF, ensuring that the secretion system used was the same.
GFP expression is localized in heterocysts
To test whether the constructs transferred to Anabaena sp. PCC 7120 were functional, the generated transformants were observed by confocal microscopy to study GFP signal localization (Fig. 2) . Cells cultivated in medium supplemented with ammonia did not display detectable GFP signal (data not shown), while filaments of SLN80, SLC80 and SLNC80 growing under N 2 -fixing conditions presented GFP signal (Fig. 2) . Moreover, all transformants' filaments displayed differential accumulation of GFP signal under N 2 -fixing conditions: i.e. the signal was absent in vegetative cells and confined to heterocysts, in agreement with previous results (Oliveira et al. 2015b ) that showed that the hesF promoter drives gene expression specifically in heterocysts.
HesF's N-and C-termini amino acid sequences are proteolytically cleaved
To evaluate GFP relative expression, total protein extracts were obtained from Anabaena sp. PCC 7120 wild-type, and SLN80, SLC80 and SLNC80 transformant strains, cultivated either in medium supplemented with ammonia (BG11 0 + NH 4 Cl) or in N 2 -fixing conditions (BG11 0 ) (Fig. 3) . GFP protein was undetectable in wild-type, SLN80, SLC80 and SLNC80 protein extracts obtained from cells cultivated in the presence of ammonia. In contrast, protein extracts from SLN80, SLC80 and SLNC80 cells cultivated for 72 h in N 2 -fixing conditions showed the presence of peptides recognized by the anti-GFP antibody, while wild-type protein extracts obtained from cells cultivated in the same conditions could not be recognized. This result indicates that the monoclonal anti-GFP antibody used in the present work reacts in a highly specific manner with GFP containing epitopes, further validating the microscopy results and supporting the idea that the hesF promoter is tightly controlled on transitions from non-N 2 -fixing to N 2 -fixing conditions. Interestingly, several bands could be observed in protein extracts isolated from the transformants. The bands with highest molecular weight detected by western blot presented ∼37 kDa in SLN80, 36 kDa in SLC80 and 47 kDa in SLNC80 (highlighted bands in Fig. 3) , which match well with the calculated molecular weights of full-length chimeric GFP fusion proteins generated in this work (35 kDa for N80-GFP, 36 kDa for GFP-C80 and 44 kDa for N80-GFP-C80). In addition, all other bands presented a molecular weight larger than 27 kDa, which corresponds to the expected molecular weight of GFP alone. This observation suggests that the GFP fusions generated in this work are targets for proteolysis. In addition, the results indicate that cleavage occurs specifically at the ends of the respective fusion protein, likely in the sequence corresponding to HesF's N-or C-terminus, or both, as GFP degradation fragments could not be observed. This could be due to several reasons, two of which are further discussed. HesF is an extracellular protein, and its gene expression seems to be well timed with the heterocyst differentiation process (Oliveira et al. 2015b ). In addition, HesF is a T1SS-dependent substrate (Hahn et al. 2015 ; Oliveira et al. 2015b), and it has been shown that proteins recognized by that mechanism are secreted unfolded (Delepelaire 2004 ). Thus, it is possible that as GFP folds in the heterocyst, the N80-and C80-termini remain unfolded, which altogether may represent a signal for degradation. On the other hand, as HesF is expressed specifically in heterocysts, it may be the target for heterocystspecific proteases when it is not rapidly secreted via the T1SS. In fact, some proteases have been detected in heterocyst-enriched fractions in greater abundance (Ow et al. 2009 ), which suggests the existence of heterocyst-specific proteolysis.
HesF's C-terminus targets GFP to the extracellular medium
The cell-free extracellular medium of Anabaena sp. PCC 7120 wild-type, and of the SLN80, SLC80 and SLNC80 transformant strains cultivated under N 2 -fixing conditions (after a combined nitrogen stepdown) was collected and later concentrated as described in the Materials and Methods section. The exoproteomes were separated by SDS-polyacrylamide gel electrophoresis and visualized by Coomassie blue staining (Fig. 4) . However, a careful analysis of the band pattern did not reveal the existence of peptides that could correspond to the GFP-fusion proteins in any of the transformant strains' exoproteomes. This is likely because GFP-fusion expression in these reporter strains is limited to heterocysts (Fig. 2) , which are cells that compose only 5%-10% of the total biomass (Kumar et al. 2010) . In addition, low accumulation of the reporter in the extracellular space may also derive from inefficient secretion of the chimera, as the signal peptide may not be fully exposed and available to target GFP for secretion. Thus, western blot analysis was then carried out. A peptide of an estimated molecular weight of ∼29 kDa could be detected Figure 3 . GFP-fusion proteins analysis. Total protein extracts were obtained from Anabaena sp. PCC 7120 wild-type (WT), SLN80, SLC80 and SLNC80 cells cultivated either in medium supplemented with ammonia (BG110 + NH4Cl) or in N2-fixing conditions for 72 h after nitrogen step down (BG110 (72 h)). Top panel, western blot analysis of the relative abundance and molecular weight of the GFP-fusion proteins produced by SLN80, SLC80 and SLNC80, using an anti-GFP antibody. Arrowheads point to the bands of highest molecular weight detected in protein extracts of SLN80, SLC80 and SLNC80, with estimated weights of 37, 36 and 47 kDa, respectively. Bottom panel, Coomassie blue stained SDS-polyacrylamide gel containing the same samples described above. The molecular weight (in kDa) of selected bands of the protein standard Nzytech Molecular Marker II (Nzytech, Lisbon, Portugal) is shown on the left.
in the extracellular medium of SLC80, suggesting that the last 80 amino acids of HesF's C-terminus harbor the secretion signal and are sufficient for targeting a heterologous protein to the extracellular medium of Anabaena sp. PCC 7120. Despite the low signal detected in the western blot, accumulation of GFP in the extracellular medium of SLC80 does not seem to result from cell lysis because (i) all the strains were cultivated under the same growth conditions and no GFP signal could be observed in the extracellular medium of any of the other two transformant strains; and (ii) the extracellular medium collected from cells grown for 48 and 72 h after combined nitrogen step down showed similar results (Fig. 4) , in independent experiments. T1SS-dependent substrates have been described before as having secretion signals located at their C-termini (Delepelaire 2004) , including that of HlyA (hemolysin) in E. coli (Koronakis, Koronakis and Hughes 1989) and PrtG (metalloprotease) in Er- winia chrysanthemi (Ghigo and Wandersman 1994) . Thus, here we show that even though HesF does not represent a classical T1SS-dependent substrate, the recognition sequence necessary for targeting HesF to the extracellular space is located within its C80-terminus. This is further supported by bioinformatics analysis: when comparing HesF's N-and C-termini with those of HesF's orthologues found in other N 2 -fixing cyanobacteria, it is possible to detect much higher amino acid sequence conservation in the C-terminus than in the N-terminus. Nevertheless, no GFP-containing epitope could be detected in the exoproteome of SLNC80, despite that such strain expresses GFP fused with HesF's C-terminus signal. However, analyzing the relative abundance of the various GFP-fusion proteins expressed in this work (Fig. 3) , it is possible to observe that protein N80-GFP-C80 is less abundant than GFP-C80, even though expression of both proteins is regulated by the same promoter. This suggests that fusing both N80-and C80-termini to GFP renders the protein rather unstable and thus less likely to be secreted.
In conclusion, in the present work, we show that by fusing HesF's C80-terminus to a heterologous protein (in this case, the reporter protein GFP) we could successfully secrete the chimera to the extracellular space. We therefore propose that the secretion signal peptide of the extracellular protein HesF, a nonclassical T1SS-dependent substrate from Anabaena sp. PCC 7120, is located in the last 80 amino acids of its C-terminus. This is the first time that a peptide containing the secretion signal of a T1SS-dependent substrate is identified in cyanobacteria. Thus, this work demonstrates that cyanobacteria can be successfully used to express and secrete selected proteins via the T1SS, which represents a valid approach to further explore the biotechnological potential of these microorganisms. Nevertheless, major fundamental advances will be required to enhance protein secretion in cyanobacteria, including the use of selected promoters to enable stronger and targeted protein expression (e.g. vegetative cells, and not specifically heterocysts), and to find alternative and more efficient secretion signals.
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